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ABSTRACr The translational mobility of fluorescent-labeled monoclonal antibodies specifically bound to supported
phospholipid bilayers containing hapten-conjugated phospholipids has been measured as a function of the surface
concentration of bound antibodies using fluorescence recovery after photobleaching. Fluorescence recovery curves are
fit well by a model that assumes the presence of two populations of antibodies with different lateral diffusion
coefficients. The larger diffusion coefficient equals 3.5 x 10-9 cm2/s, the smaller diffusion coefficient ranges from 1.5 x
10-9 cm2/s to 2.5 x 10-'° cm2/s, and the fractional fluorescence recovery associated with the smaller coefficient
increases from -0 to -0.7 with increasing concentration of bound antibody. These results suggest that complexes of
haptenated phospholipids and antibodies in phospholipid Langmuir-Blodgett films form clusters or domains in a
concentration-dependent fashion.
INTRODUCTION
The concentration dependence of macromolecular diffu-
sion in solution is of current theoretical (O'Leary, 1987;
Phillies, 1986) and experimental (Andries et al., 1983;
Ullmann et al., 1985) interest, as is the concentration
dependence of protein diffusion in two-dimensional biolog-
ical membranes (Thompson et al., 1984; Hackenbrock et
al., 1986; Beck, 1987). One method of obtaining precise
measurements of the concentration dependence of protein
lateral diffusion rates in or on two-dimensional fluid
phospholipid bilayers is to employ Langmuir-Blodgett
films. Supported phospholipid monolayers and bilayers
have been used extensively as models of immunological cell
membranes (McConnell et al., 1986; Thompson and Palm-
er, 1988). Langmuir-Blodgett films are also of interest in
fields other than membrane biophysics, including protein
crystallography, biosensors and bioelectronics, optics, and
surface science (Uzgiris, 1986; Place et al., 1985; Zemel,
1983).
Antibodies specifically bind to Langmuir-Blodgett films
containing hapten-conjugated phospholipids and the
bound antibodies can be laterally mobile (McConnell et
al., 1986; Subramaniam et al., 1985, 1986). Antibodies
bound to phospholipid Langmuir-Blodgett films for several
hours can also form planar crystals (Uzgiris and Kornberg,
1983; Uzgiris, 1986). The conditions under which bound
antibodies are monomerically mobile, clustered, or crystal-
lized are not yet well understood.
In the present work, the translational diffusion coeffi-
cients of bound antibodies have been measured as a
function of the antibody surface concentration. At the
lowest surface concentration, fluorescence recovery curves
are described well by a model that assumes a single
population of mobile, bound antibodies that diffuse with a
rapid coefficient approximately equal to that of the lipids.
At all other antibody surface concentrations this model is
not adequate, but a model that assumes that diffusion is
not homogeneous, i.e., that one population diffuses with a
rapid coefficient and another population diffuses much
more slowly, does describe the measured fluorescence
recovery curves. Complete recovery is observed for all
samples, but the fractional fluorescence recovery asso-
ciated with the slowly mobile component increases dramat-
ically with concentration. Extensive statistical analysis and
control experiments support the choice of the two-compo-
nent model rather than the one-component model for all
but the lowest antibody surface concentration. These
results suggest that complexes of haptenated phospholipids
and antibodies in phospholipid Langmuir-Blodgett films
can form clusters or domains by a concentration-dependent
mechanism. Antibody clustering on cell surfaces may be
important in immune function (McCloskey and Poo,
1984).
MATERIALS AND METHODS
Reagents
All water was purified to exceed standards for type I reagent grade water
(NANOpure II, Barnstead, Sybron Corp., Boston, MA). Dimyristoyl-
phosphatidylcholine (DMPC; Calbiochem-Behring Corp., La Jolla, CA)
and 1-acyl-2-{12-[(7-nitro-2-1,3-benzoxa-diazol-4-yl)amino]dodeca-
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noyliphosphatidylethanolamine (NBD-PE; Avanti Polar Lipids, Inc.,
Birmingham, AL) were used without further purification. The hapten-
conjugated phospholipid DNP-TEMPO-DMPE shown in Fig. 1 was
synthesized according to the method for "nitroxide lipid hapten II" of
Balakrishnan et al. (1982a), except that dimyristoylphosphatidyletha-
nolamine (Calbiochem-Behring Corp.) rather than dipalmitoyl-
phosphatidylethanolamine was used as a starting reagent. AN02 hybrid-
oma cells (a generous gift of Prof. H. M. McConnell of Stanford
University) were maintained in culture, and the secreted monoclonal
mouse IgGi antibodies with specificity for DNP-TEMPO were purified
from cell supernatants by protein A affinity chromatography as previ-
ously described (Balakrishnan et al., 1982a; Anglister et al., 1984). The
purified AN02 antibody ran as appropriate bands in sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing
and nonreducing conditions. Specificity for DNP-glycine (Sigma Chemi-
cal Co., St. Louis, MO) was confirmed by tryptophan quenching as
previously described (Anglister et al., 1984). Antibodies were labeled
with fluorescein-5-isothiocyanate (Molecular Probes Inc., Eugene, OR)
and the molar ratios of fluorescein to antibody (F:A) were calculated by
the method of Mishell and Shiigi (1980).
Phospholipid Langmuir-Blodgett Films
Supported phospholipid bilayers consisting of DMPC, DMPC:DNP-
TEMPO-DMPE (68:32, mol/mol), DMPC:NBD-PE (98:2, mol/mol),
or DMPC:DNP-TEMPO-DMPE:NBD-PE (68:32:2, mol/mol/mol)
were deposited on fused silica substrates as described (Tamm and
McConnell, 1985), except that a Joyce-Loebl Langmuir trough (model 4,
Vickers Instruments, Inc., Malden, MA) was employed for uniform
compression speed (8.6 ± 0.1 A2/molecule min), coating speed (5.4 ± 0.2
mm/min), and coating pressure (35 dyn/cm). Supported bilayers, in the
aqueous phase of the Langmuir trough, were mounted on clean glass
slides in Teflon holders as shown in Fig. 2 A. The holders were designed to
eliminate contact between the bilayers and materials other than Teflon.
Bilayers were washed with 1 ml phosphate-buffered saline (PBS) (0.05 M
sodium phosphate, 0.15 M sodium chloride, 0.01% sodium azide, pH 7.0)
and treated with 100 Ml of a PBS solution of fluorescent-labeled AN02
(F-AN02, F:A 0.6-1.4) at the specified concentration. The antibody
solution for all samples except those prepared for gel electrophoresis and
densitometry contained 0.65 mg/ml of unlabeled sheep IgG (Sigma
Chemical Co.) to compete for nonspecific binding sites that occasionally
may have been present on bilayers. In some experiments (as noted), the
antibody solution contained DNP-glycine. After 20 min at room tempera-
ture, bilayers were washed with 3 ml PBS and transferred under PBS to
the sample chamber for fluorescence microscopy shown in Fig. 2 B.
Fluorescence Microscopy
The fluorescence arising from antibodies bound to bilayers was measured
on a fluorescence microscope, which consisted of an inverted optical
microscope (Zeiss IM-35, Eastern Microscope Co., Raleigh, NC) and an
argon ion laser (Innova 90-3, Coherent Inc., Palo Alto, CA) as previously
0
NH
N02 <K o oo
NHCH2CH2NHCCH20CH2CNHCH2CH2-0- P-O CH2 0
NO2 O- CH-O-C- (CH2)12 -CH3
CH2-0-C -( CH2)12 -CH3
FIGURE 1 (DNP-nitroxide)-conjugated dimyristoylphosphatidyletha-
nolamine.
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FIGURE 2 Apparatus for supported phos-
pholipid bilayers. (a) Two strips of single-
coated adhesive Teflon tape (TT, part No.
S-15, Saunders Corp., Los Angeles, CA)
were attached to one face of a clean glass
slide (GS), and one strip of double-coated
adhesive paper tape (PT) was attached to
the other face. The slide was attached to a
Teflon holder (TH) by the strip of double-
coated tape and immersed in the aqueous
phase of the Langmuir trough. Supported
phospholipid bilayers (SPB) were gently
rested on the strips of Teflon tape so that the
bilayers faced the aqueous phase between
the glass and fused silica slides and were
held in place by four Teflon posts (TP). The
assembly was then removed from the Lang-
muir trough. (b) SPB were transferred, in a
large container of PBS, to a glass-bottomed
petri dish of PBS. The dish was placed on a
copper plate which was in thermal contact
with a thermoelectric stage (model TS-4,
Sensortek, Clifton, NJ) and brought to 30.5
± 0.1°C. The assembly was mounted on the
stage of the fluorescence microscope.
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described (Palmer and Thompson, 1987). Translational diffusion coeffi-
cients were measured by fluorescence pattern photobleaching recovery
(Smith and McConnell, 1978). The radii of the illuminated and observed
circular areas in the sample plane, formed with a beam expander (5x,
Oriel Corp., Stratford, CT) and an image plane aperture, respectively,
were 160 and 75gm. The ruling periodicity in the sample plane was 16.0
gm. Other photobleaching parameters were: excitation wavelength, 488.0
nm; objective, 40x 0.75 N.A.; observation and bleaching laser powers,
0.3-15 MW and 0.5 W; bleaching pulse duration, 25 ms-2 s; and depth of
bleaching, 10-75%.
Gel Electrophoresis of Photobleached
Antibodies
Bilayers consisting of DMPC:DNP-TEMPO-DMPE (68:32, mol/mol)
that had been treated with 100Mg/ml F-AN02 (without sheep IgG) were
translated through the laser beam under the same conditions used for the
photobleaching pulse, at a rate such that the residency time in the
illuminated area of an average bound antibody was 100 ms, using a
computer-controlled microstepping microscope stage. Approximately
35% of the measured fluorescein fluorescence was bleached by this
procedure. The bilayers were then transferred to the holders shown in Fig.
2 A and washed with 0.1% Triton X-100 detergent/H20, which removed
- 60% of the bound F-AN02 as measured by fluorescence microscopy.
The wash was analyzed on SDS-PAGE (7.5% acrylamide) under nonre-
ducing conditions followed by staining with nickel (Kodavue, Eastman
Kodak Co., Rochester, NY). The amount of collected F-AN02 that
penetrated the acrylamide gel and ran as monomeric IgG was quantitated
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by densitometry (Ultroscan XL, LKB Instruments, Inc., Gaithersburg,
MD) using standards of known F-AN02 concentrations.
DATA ANALYSIS
For a sample containing one diffusive population of fluoro-
phores, the normalized fluorescence pattern photobleach-
ing recovery curve +(t) is approximately given by (Smith
and McConnell, 1978)
+(t) - 4(O) + (M/2)[1 - 0(0)]{1 - (8/r2)
* [exp(-4_r2Dt/a2) - (1/9)exp(-36ir2Dt/a2)]I (1)
for t > 0, where +6(t) is the ratio of the postbleach
fluorescence F(t > 0) to the constant prebleach fluores-
cence F(t < 0), time zero is at the bleach pulse, ,u and 1 -
,u are the fractions of the prebleach fluorescence that arise
from mobile and immobile fluorophores, respectively, a is
the ruling periodicity in the sample plane, D is the diffusion
coefficient, and more rapidly decaying terms have been
neglected. For n 2 1 populations of mobile fluorophores
and an additional population of immobile fluorophores,
+(t) - 4(0) + '/2[l - k(O)] A il - (8/X2)
f-I
[exp (-4ir2D,t/a2) - (1/9) exp (-36ir2D,t/a2)]} (2)
for t 2 0, where $1 is the fraction of the fluorescence
recovery that arises from fluorophores that are mobile with
coefficient Di. Fluorescence recovery curves were fit to
functions of the form of Eqs. 1 and 2 using an iterative
Gauss-Newton algorithm, with ,u, D, and /(0) as free
parameters for the "single mobile species" model (n = 1),
A1 M12, D1, D2, and 4(0) as free parameters for the "two
mobile species" model (n = 2), and A1, s2, A3, DI,D12, D3,
and X(0) as free parameters for the "three mobile species"
model (n = 3).
The significance of the improvement in the fit afforded
by the n species model over the n - 1 species model was
tested using an F statistic defined as
Fn= (xi -1X) (N- 2n- 1)/(2X!),
the distributions of F2 for the one and two mobile species
models from sets of - 300 simulated recovery curves, which
were generated by adding Poisson noise to the functions
calculated from Eq. 2 with n = 1 or n = 2 using the average
parameter values obtained from experimental data (Rat-
kowsky, 1983). Accordingly, the n species model was
considered a significant improvement over the n - 1
species model for an experimental curve if the F statistic
exceeded 3.00, which is the P = 0.05 critical value (the
number greater than or equal to 95% of the F. values which
randomly occur for systems that actually contain n - 1
components) for an exact F distribution with degrees of
freedom equal to 2 and Xo (Devore, 1982). Similar consid-
erations have been used in the analysis of multiexponential
fluorescence lifetime decay curves (Ameloot and Hen-
drickx, 1982).
RESULTS AND DISCUSSION
F-AN02 bound specifically to DNP-TEMPO-DMPE in
DMPC bilayers. As shown in Fig. 3, the fluorescence
arising from bilayers incubated with F-AN02 required the
presence of DNP-TEMPO-DMPE and increased with the
solution concentration of F-AN02 with which bilayers
were treated. The ratio of specifically bound F-AN02 to
nonspecifically bound F-AN02 for the 100-,ug/ml samples
was -250.
Soluble hapten (DNP-glycine) competed with the hap-
tenated bilayer surface for F-AN02 binding sites. For
bilayers treated with 100 ,ug/ml F-AN02 and increasing
concentrations of DNP-glycine, the measured, back-
ground-corrected fluorescence decreased to zero within
experimental uncertainty. The concentration of DNP-
glycine at which the measured fluorescence intensity was
decreased by a factor of 2 was 3.5 x I0-' M, which
(3)
where Xi is the chi-squared goodness-of-fit statistic for the
n mobile species model function and N is the number of
data points. This F statistic has been used previously to
discriminate between nonlinear model functions (Rat-
kowsky, 1983; Ameloot and Hendrickx, 1982). The proba-
bility distribution of the F statistic asymptotically
approaches an exact F distribution if the errors in the
experimental data are normally distributed and the num-
ber of data points approaches infinity. In the present work,
the average number of photoelectrons per sample time was
-5,000 and the number of data points was -600; therefore
the distribution of the F statistic was expected to be close to
an exact F distribution. This was confirmed by estimating
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FIGURE 3 Antibody binding to supported phospholipid bilayers. Shown
is the measured fluorescence from F-AN02 bound to bilayers composed
of DMPC and 32 mol% (0) or 0 mol% (U) hapten-oonjugated phospho-
lipids as a function of the solution concentration of F-AN02 with which
bilayers were treated. The mean values and standard errors of the mean
for 15-30 measurements per antibody concentration are shown.
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corresponds to an F-AN02 surface dissociation constant of
1 nM.'
Fluorescent-labeled, nonspecific sheep IgG did not bind
to haptenated bilayers. The average background-corrected
fluorescence intensity for haptenated bilayers treated with
100 ,ug/ml fluorescent-labeled sheep IgG (F:A, 0.23)
relative to bilayers treated with 100 ,g/ml F-AN02 (F:A,
0.30) was 0.09 ± 0.04.
Haptenated bilayers containing bound F-AN02 ap-
peared uniformly fluorescent. The typical relative standard
deviation from six measurements of fluorescence intensity
on a single bilayer was 5-15%. Bilayer-to-bilayer variabil-
ity was sometimes higher.
Fig. 3 demonstrates that bilayers containing different
surface concentrations of bound antibodies can be repro-
ducibly constructed. Removing the bound F-AN02 with
detergent and calibrating the amount of removed F-AN02
with gel electrophoresis followed by densitometry yielded
an F-AN02 surface concentration for the 100-Ag/ml sam-
ples of -5,000 molecules/,gm2. This number is consistent
with the surface concentration of bound antibodies in the
crystallized state (Uzgiris and Kornberg, 1983).
Specifically bound F-AN02 were mobile on supported
'A simple model is assumed: A + B .C, where KIAB - C, and A +
D _ E, where K2AD - E, where A-E are the concentrations of antibody
in solution, free surface sites, occupied surface sites, free soluble hapten,
and antibody-hapten complexes in solution, respectively. Furthermore,
B + C -N and h(E + A) + C -M are constants, where h is the
thickness of the sample solution (-0.1 mm). These equations imply that
K, - h(l + K2DI12)/(M - N/2), where DI/2 is the concentration of
soluble hapten at which C - N/2. The value of K2 is 2 x 10' M-'
(Anglister et al., 1984). The value of N (5,000 molecules/Mm2) is
obtained from the calibration of bound antibodies at saturation (see text),
and the value ofM (40,000 molecules/Mm2) is obtained from the antibody
solution concentration.
FIGURE 4 Fluorescence pattern photobleaching re-
.. covery curves. Shown are typical recovery curves for
bilayers incubated with 10 ,g/ml (A and B) and 100
ug/ml (C-E) F-AN02. In both curves, the maximum
recovery for pattern photobleaching, which equals one-
half of the bleached fluorescence, was observed. Shown
also are the best fits to Eq. 2 for one mobile species
(n
-
1; A and C), two mobile species (n -2; B and D)
and three mobile species (n = 3; E). The upper and
4 lower insets are the residuals and the autocorrelations
of the residuals for the theoretical fits, respectively.
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bilayers with diffusion coefficients and fractional recover-
ies that depended on the concentration of F-AN02 with
which bilayers were treated. Statistical analysis of the
experimental data indicated that at the chosen critical
value for the F statistic (F2= 3.0) two components of
diffusion were present for all antibody concentrations
except 10 ,ug/ml. Median values of F2 were 2.0 for the
10-,gg/ml F-AN02 samples, 8.6 for 20,g/ml, and >50 for
the remaining concentrations; therefore, with the exception
of the 10-,ug/ml F-AN02 samples, the values of F2 were so
large that the chosen critical value had little effect on the
results. In contrast, the values of F3, for comparison of two-
and three-component models, were typically less than one,
indicating that a third component was not statistically
resolvable. Qualitative examination of typical experimen-
tal recovery curves, residuals, and residual autocorrelations
shown in Fig. 4 supports the conclusion that the 10-,ug/ml
samples contain a single component and the higher concen-
tration samples contain two components.
The average diffusion coefficients DI and D2 and their
fractional recoveries ,u and 1t2 from the best fits to
functions of the form of Eq. 2 with n = 2 are shown in Fig.
5. If the two-component function did not significantly
improve the fit (i.e., if F2 < 3.00), D1 and g,u were set equal
to D and g from the one-component fit (Eq. 1), U2 was set
equal to zero, and D2 was excluded from the mean. For all
samples, maximum possible fluorescence recovery for pat-
tern photobleaching (50%) was observed. The fraction of
the recovery associated with the slow component varied
from -0 at 10,g/ml to -0.7 at 100 ,g/ml. As shown in
Fig. 3, the surface concentration of bound antibodies is
approximately constant for incubation concentrations of
antibodies >50 ,g/ml, and explains the absence of change
in the diffusion constant D2 for concentrations >50 ,g/ml
in Fig. 5. The absolute fluorescence intensity (,u,F[t < 0])
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FIGURE 5 Average translational diffusion coefficients of F-AN02 on
supported phospholipid bilayers. Shown are the values of the average
diffusion coefficients D, (-) and D2 (0) and the average fractional
recovery ;& (@) and the average total recovery ul + P2(A) obtained from
the best fits of the fluorescence recovery curves to the functional form
expected for two mobile species (Eq. 2, n - 2). The average fractional
recovery P2 equals MiA + 2 (A) - iA (@) for each sample. The mean values
and standard errors of the mean for 11-13 measurements per antibody
concentration are shown.
due to the rapidly mobile component for 10-,ug/ml samples
is somewhat lower than for the higher concentrations. This
intensity is constant within experimental uncertainty for
solution concentrations of F-AN02 > 20 ,g/ml. Addi-
tional intensity (t2 F[t < 0]) at the higher concentrations is
associated with the slower population.
The average diffusion coefficient of NBD-PE in
DMPC:NBD-PE bilayers was measured to be 2.6 ± 0.2 x
10-8 cm2/s, which agrees with published results (Tamm
and McConnell, 1985). Addition of 32 mol% DNP-
TEMPO-DMPE to bilayers reduced the lipid diffusion
coefficient by a factor of 6-7, to (3.7 ± 0.5) x 10-9 cm2/s.
The diffusion coefficient of NBD-PE in 32 mol% DNP-
TEMPO-DMPE bilayers treated with 100 ,g/ml unla-
beled AN02 was measured to be (4.8 ± 0.4) x 10-9 cm2/s,
suggesting that the phospholipid bilayer structure was not
significantly altered by bound antibodies. All fluorescence
recovery curves for NBD-PE were fit well by the single-
component model function given by Eq. 1.
The possibility that the nonmonophasic fluorescence
recovery curves arose from an artifact of the experimental
apparatus (e.g., nonuniformities of the Ronchi ruling) has
been eliminated because data obtained for 10-,ug/ml
F-AN02 samples and for the fluorescent lipid probe
NBD-PE in the supported bilayers were well fit by single-
component functions. The possibility that the nonmono-
phasic behavior arose from a process other than transla-
tional diffusion (e.g., rotational diffusion) has been
eliminated because significant recovery was not observed
in the absence of the Ronchi ruling.
The measured values of D1, D2, ,1u, and M2 not change
within experimental uncertainty when the bleach pulse
duration was doubled. However, this does not entirely
eliminate the possibility that the photobleaching process
induced covalent bonds between antibodies, forming
aggregates and accounting for some or all of the slower
diffusive population. Thus, experiments in which bound
F-AN02 were bleached, recovered, and analyzed for coval-
ent aggregates were performed (see Materials and Meth-
ods).2 The results of the quantitative analysis of photo-
bleached F-AN02 by SDS-PAGE indicated that 92 ± 12%
of the surface-bound F-AN02 was recovered in monomeric
form after photobleaching, which eliminated light-induced
formation of antibody aggregates as a possible artifact.
This result is consistent with a previous study (Sheetz and
Koppel, 1979) in which substantial photoinduced cross-
linking of fluorescein-labeled cell membrane proteins
occurred only for exposures more than two orders of
magnitude longer than those used in this work, at compara-
ble intensities. The possibility that large noncovalent
aggregates of F-AN02 form at the bilayer surface but are
bound to the bilayer by only a small number of specific
interactions is thought unlikely, but cannot be definitely
eliminated.
The diffusion of AN02 antibodies on supported DMPC
monolayers containing a haptenated lipid similar to the one
shown in Fig. 1 has previously been investigated (Subra-
maniam et al., 1986). The films differed from those studied
here in several ways. They were monolayers constructed on
alkylated silicon/silicon dioxide substrates rather than
bilayers on fused silica substrates; the DMPC films con-
tained 5 mol% of a haptenated lipid with a 16-carbon chain
length rather than 32 mol% of a haptenated lipid with a
14-carbon chain length; and the antibody incubation time
was five rather than 20 min. Subramaniam and co-workers
found that the diffusive behavior of antibodies bound to
DMPC monolayers depended on the temperature, the
chain length of the alkylating reagent, and the concentra-
tion of antibody with which monolayers were incubated.
Although differences in the magnitudes of the antibody
diffusion coefficients occurred, biphasic behavior was not
observed. In addition, fractional mobilities as low as 0.1
were reported.
The diffusive behavior of a mouse antitrinitrophenyl
IgG2b monoclonal antibody on DMPC plus trinitropheny-
2in these experiments, unlabeled sheep IgG was not added to the F-AN02
solutions, which would have made quantitative analysis of recovered
antibodies difficult. The average background-corrected fluorescence
intensities measured for haptenated bilayers treated with 100 pug/ml
F-AN02 was, on the average, independent of the absence or presence of
unlabeled sheep IgG. The ratios of measured intensities for bilayers
containing haptenated lipids to those not containing haptenated lipids,
and treated with 100 pg/ml F-AN02 with and without unlabeled sheep
IgG, were not significantly different.
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lated egg phosphatidylethanolamine bilayers supported on
silicon/silicon dioxide substrates has very recently been
described (Tamm, 1988). The samples differed from those
of the present work not only chemically and physically but
also kinetically in that bilayers were incubated with anti-
body solutions for five and not 20 min. Above the DMPC
phase transition temperature, bound antibodies diffused
rapidly and the fractional mobility ranged from 80 to 64%
with increasing antibody surface concentration. Diffusive
behavior for high molar fractions of haptenated lipids with
high antibody surface concentrations were not reported.
Below the DMPC phase transition temperature, antibody
clusters larger than optical resolution were visually appar-
ent as viewed by fluorescence microscopy.
The motions, interactions, and organizations of mole-
cules in or on phospholipid Langmuir-Blodgett films are
sensitive functions of the chemical, physical, and kinetic
states of the films (Thompson and Palmer, 1988; McCon-
nell et al., 1986). Thus, direct comparison of our results
with those of Subramaniam et al. (1986) and Tamm
(1988) is necessarily speculative. The most striking differ-
ence in observed behavior is that, in the present work, (a)
mobility was distinctly biphasic, and (b) all of the bound
antibodies were laterally mobile. The differences cannot be
attributed solely to the particular antibody or haptenic
head group, which is in common with Subramaniam et al.
(1986), or solely to the use of bilayers rather than mono-
layers, which is in common with Tamm (1988). One
common difference is the time with which bilayers were
allowed to interact with antibodies. Because typical incu-
bation times employed for antibody crystallization in
Langmuir-Blodgett films are several hours (Uzgiris and
Kornberg, 1983; Uzgiris, 1986), it is possible that the
samples described in the present work are in a different
kinetic state than those described by Subramaniam et al.
(1986) and Tamm (1988). The films are not necessarily in
an equilibrium state in any of the systems. Another
common difference is that the films described in the
present work contained a high molar fraction of a hapten-
ated lipid with saturated acyl chains. Both of these factors
might promote domain or cluster formation.
Theories that describe the concentration dependence of
macromolecular diffusion in a homogenous medium, due
to free volume accessibility (O'Leary, 1987), diffusion on a
lattice (Kehr et al., 1981) or empirical considerations
(Phillies, 1986) predict a smooth decrease in the diffusion
coefficient with increasing concentration, not the appear-
ance of a second diffusing population, and do not explain
the reported observations. Thus, the possible coexistence of
different regions in the bilayers must be considered, even
though both DMPC and DNP-TEMPO-DMPE have 14-
carbon acyl chains, the reported observations were above
the chain melting temperature of DMPC and the bilayers
appeared uniformly fluorescent under epi-illumination.
One possible explanation for the slower component
would be coexistent domains of different local viscosities in
which antibodies are independently mobile with different
diffusion coefficients. If antibodies preferentially associate
with DNP-TEMPO-DMPE in the less viscous domains,
then at saturation a larger fraction of antibodies would be
bound to DNP-TEMPO-DMPE in the more viscous
domains and a larger fractional fluorescence recovery for
the slower component would be observed. Immiscible
domains in fluid vesicular bilayers of binary phospholipid
composition (Melchior, 1986) and in cholesterol-contain-
ing DMPC monolayers at the air/water interface (Subra-
maniam and McConnell, 1987) have recently been
reported. A second possibility is that bound antibodies
induce the formation of domains of high local viscosity, in
which the diffusion of antibody-lipid complexes is substan-
tially restricted. Decreased membrane fluidity as mea-
sured by pyrene excimer fluorescence has been correlated
with antibody binding to hapten-conjugated phospholipids
in vesicles (Hart et al., 1985). However, fluorescence
recovery curves of NBD-PE in DMPC: DNP-TEMPO-
DMPE bilayers were well fit by the single-component
function both in the absence and presence of bound
unlabeled AN02. Thus the putative, more viscous lipid
domains would have to exclude NBD-PE but not com-
plexes ofDNP-TEMPO-DMPE and F-AN02. In addition,
because fluorescence pattern photobleaching recovery
measures long-range diffusion and because two diffusive
antibody components were reproducibly observed, the
domains would have to be larger than the ruling periodicity
in the sample plane (16 Am) but much smaller than the
illuminated region (160,um), and should have been micro-
scopically visible due to the exclusion of NBD-PE
(McConnell et al., 1986).
A third possible explanation is that the association of
antibodies with DNP-TEMPO-DMPE induces the forma-
tion of submicroscopic antibody-containing domains (clus-
ters). Such clusters might arise from direct antibody-
antibody interactions, from antibody-induced lipid-lipid
interactions, or from both. If the putative clusters had an
appreciable diffusion rate within the remaining
DMPC:DNP-TEMPO-DMPE matrix, they could directly
account for the observed slower component. A final possi-
bility is that antibodies bound to bilayers may associate
into immobile submicroscopic clusters. If bound, clustered
antibodies were in dynamic equilibrium with bound, mono-
meric antibodies, the second component could reflect the
residency time of antibodies in immobile clusters (Koppel,
1981; Elson, 1985). The putative antibody clusters (mobile
or immobile) might act as nucleation sites and precede
crystallization of antibodies on phospholipid Langmuir-
Blodgett films (Uzgiris and Kornberg, 1983; Uzgiris,
1986).
Clustering of ligand-receptor complexes on cell surfaces
is an initial molecular event in cellular response to hor-
mones (Cuatrecasas, 1983), growth factors (Yarden and
Schlessinger, 1987) and immunochemicals (Davies and
Metzger, 1983). In particular, clustering of antigen-
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antibody-antibody receptor complexes (Metzger, 1983;
Davies and Metzger, 1983; McCloskey and Poo, 1984), or,
at the minimum, cross-linking of the receptors (Nitta et al.,
1984; Young et al., 1983a and b) in the region of contact
between immune effector cells such as macrophages or
mast cells and their targets may be an important initial
event in cellular activation. Cluster formation could occur
as a result of the diffusive accumulation, and subsequent
increase in concentration, of complexes of antigens, anti-
bodies, and antibody receptors in the region of membrane-
membrane contact (Balakrishnan et al., 1982b; McClos-
key and Poo, 1984). If the observations reported in this
work indeed reflect spontaneous clustering of antibodies on
model membranes, then the possibility arises that clustered
antibodies might form on intact cell surfaces and be related
to subsequent effector cell activation.
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